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ABSTRACT 

Oscillation frequencies are the most accurate properties 
one can measure for a star, potentially allowing detailed 
tests of stellar models and evolution theories. We briefly 
review asteroseismology for two classes of stars. In 
5 Scuti variables, the main problems are the identifica- 
tion of the observed modes and the theoretical treatment 
of rotation. In solar-like stars the main difficulty is the 
tiny amplitudes, but credible detections are now being 
made. These confirm that stars are oscillating at the ap- 
proximately the expected levels, but suggest that ampli- 
tudes scale as l/g rather than L /M. We also stress the 
importance of multi-site campaigns. Several space mis- 
sions will be launched over the coming years, promising 
an exciting future for asteroseismology. 

Key words: asteroseismology; S Scuti stars; solar-like os- 
cillations. 



1 . WHY IS ASTEROSEISMOLOGY SO FAR 
BEHIND HELIOSEISMOLOGY? 



Asteroseismology involves an interplay between observa- 
tions of stellar oscillations and theoretical model calcula- 
tions. It can be done when a set of oscillation frequen- 
cies is known for a given star and, at the same time, a set 
of theoretical model frequencies can be calculated. The 
motivation for doing asteroseismology is that oscillation 
frequencies are the most accurate properties one can mea- 
sure for a star and we may therefore, at least in principle, 
be able to perform a detailed test of stellar modelling and 
evolution theories. 

This potentially very promising tool has motivated a huge 
observational effort with the aim of obtaining accurate 
oscillation frequencies. At the same time, a substantial 
amount of work has been put into improvements of stel- 
lar modelling with the goal of being able to fit model fre- 
quencies to the observed oscillation frequencies. 

In helioseismology, as can be seen from the papers pre- 
sented in these proceedings, most current work concen- 
trates on the details. We are already able to measure ac- 
curately many important properties of the solar interior. 



Unlike asteroseismology, helioseismology is founded on 
an immense amount of high-quality data supported by an 
equally detailed set of state-of-the-art models. 

It is impossible to imagine that asteroseismology will 
ever reach a level similar to that in which we find helio- 
seismology today, concerning analysis techniques, data 
quality and the level of the results. The reasons for this 
lie in the main differences between the two subjects: 

• Asteroseismology works on distant stars whose ba- 
sic properties will always be less well determined 
than those of the Sun. These include age, composi- 
tion, radius, mass, atmospheric properties and neu- 
trino flux. The uncertainties will affect the quality of 
the calculated stellar models. One example is age, 
which is known for the Sun from radioactive dating 
of the solar system. To illustrate the importance of 
this parameter for the current solar model, consider 
the following simple question: What age would we 
determine for a solar model - based on the observed 
properties of the Sun - if we did not already know 
the age of the solar system? 

• The surfaces of stars are essentially unresolved, 
which limits asteroseismology to modes of low de- 
gree. Much of what we have learned about the Sun 
is based on high degree modes. 

• The Sun is a relatively simple system. This makes 
it very interesting, since we may have a chance to 
understand it! Many stars seem to be much more 
complicated. Hopefully we will find some important 
physical properties that are not known at present, 
which may turn out to be important for understand- 
ing the details of those stars. 

• There is only one Sun, while there are billions of 
other stars. Many people work on the details in he- 
lioseismology, but we can't expect several billion as- 
tronomers to be working in asteroseismology! 

• In helioseismology we see some big networks and 
dedicated telescopes (GONG, IRIS, BiSON), and 
we have many years of space research (SOHO, So- 
larMAX, IPHIR). In asteroseismology we find many 
smaller campaigns and networks, but very few ded- 
icated telescopes. The space projects are just be- 
ginning. So far, there is a tremendous lack of high- 
quality data. 
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• Asteroseismology works on fainter stars and so 
has lower sensitivity than helioseismic observations. 
One will therefore generally be restricted to oscilla- 
tions with relatively high amplitudes. 

To explain why asteroseismology is so far behind helio- 
seismology, we could identify three important elements 
from the above list: 

• The imprecision of basic stellar properties. 

• The complication of the stellar physics. 

• The lack of high-quality oscillation data. 



2. A REVIEW OF ASTEROSEISMOLOGY 



In this review we will discuss what has been learned and 
finish by evaluating what we can hope to do in the next 
10 years. When trying to review such a huge scientific 
field, there is always the risk of being remembered for 
the areas we did not discuss. So let us begin by saying 
what we do not intend to review. The application to white 
dwarfs is prob ably the biggest success of ast eroseismol- 
ogy (see, e.g., Vauclair, 1997 ; fcawaler, 1998 ), but we do 
not intend to mention any techniques and results from this 
field. The same is true for a number of classical pulsating 
stars, such as (3 Cephei stars and roAp stars, which will 
not be discussed in this review. On seismology of giants 
and subgiants we refer to a paper by Guenther in these 
Proceedings. 



We will discuss two areas of asteroseismology: 

• Oscillations in S Scuti stars, which are pulsating A 
and F stars found on the main sequence or in the 
subgiant phase of their evolution, inside the classical 
instability strip. They have masses between 1 .5 and 
2.5 solar masses. 

• Solar-like oscillations, which are conventionally de- 
fined as those e xcited stochastically by turbulent 
convection (e.g., Houdek et al., 1999). These are 
expected in all stars on the cool side of the 5 Scuti 
instability strip, since it is these stars which have sig- 
nificant convection in their outer regions. 

It is hoped that asteroseismology on these two classes of 
stars should answer a number of central questions related 
to stellar structure and evolution: 

• Where, exactly, is the border between stars with and 
without a convective core? We believe it to be at 
a mass just slightly higher than the solar (around 
1.1 M Q ). 

• Stellar modelling suggest that stars on the main se- 
quence can be divided into non-evolved stars that 
contain fusion in the core of the star and evolved 
subgiant stars that contain a fusion zone in a shell 
around the core. We expect to be able to locate the 
exact boarder between star having core and shell hy- 
drogen fusion. 



• In general we of course expect to test details of the 
models and also be able to test a number of special 
features such as mixing, diffusion, magnetic fields 
and rotation. 

• Finally, one may hope to be able to measure stellar 
ages. 



3. S SCUTI STARS 



Asteroseismol ogy of S Scuti s tars has been reviewed 
seve ral times (|Matthews, 1993|; ^Ippen, 1993fc Handler, 
2000) and the re have also been workshops dedicated to 
these objects ( Breger & Montgomery, 200C ). The num- 
ber of detected and accurately known frequencies is very 
large, but these are only useful if one is able to calculate 
an equally accurate model frequency, which can only be 
done if the mode has been identified. Mode identification 
has been one of the major obstacles to producing reliable 
seismic results on 5 Scuti stars. A related problem is the 
fact that only a small fraction of the possible oscillation 
modes seem to be excited to a detectable level in a typi- 
cal 5 Scuti star. Several techniques to overcome the mode 
identification problem have been tried. One should in this 
respect be careful about assumptions (in some cases even 
prejudice) that are used to eliminate the mode identifi- 
cation problem. However probably only a fully open- 
minded attitude will move us towards a solution to this 
serious problem. 



3.1. Fitting frequencies without knowing the identity 
of the modes 



A way through this has been to calculate a huge set of 
models without assuming any identity for any of the ob- 
served modes, and then by a simple \ 2 calculation, locate 
the optimised solution. Th is approach have been used by 
^amyatnykh et al. (1998| ) for the S Scuti star XX Pyxi- 
dis. Based on frequencies for 13 oscillation modes in XX 
Pyx, they constructed 40 000 sets of model frequencies 
based on stellar evolution calculations that included rota- 
tion. In the search for the best input model an d the opti- 



mised mode identification, Pamyatnykh et al. were able 
to locate 8 local minima in x z space corresponding to 8 
quite different solutions. Although they identified these 
as reasonable solutions, it is also clear than none of the 
40 000 sets of models frequencies was able to reproduce 
exactly the observed frequencies. The reason is probably 
that the physics in the models does not describe the real 
properties of the star. It therefore seems clear that mode 
identification is needed before one can move forward in 
constructing seismic models of 5 Scuti stars. 



3.2. Mode identification in FG Vir 

A new technique for m ode identification was introduced 
by Viskum et al. (1998 ), based on oscillation amplitudes 
measured via changes in the equivalent widths of hydro- 
gen and metal absorption lines. They applied this tech- 
nique to the S Scuti star FG Vir and were able to assign 
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/ values to the eight strongest oscillation modes. Two 
modes turned out to be radial, allowing a match to theo- 
retical models and hence precise determination of mean 
density, luminosity, mass and distance (the latter of which 
agreed very well w ith the Hipparcos parallax). Work by 
Breger et al. (1999) on FG Vir ag rees quite well with that 



of [Viskum et al 



Breger et al. fitted all known 24 os- 



cillation frequencies in FG Vir to detailed models using 
the mode identity of the 8 strongest modes. Even when 
they included convective overshoot and modified opaci- 
ties, they were not able to match all observed frequencies. 
They identified a number of very good fits, but none was 
perfect. The reason is probably the treatment of rotation 
in the models. 



3.3. Rotation in 5 Scuti stars 



Rotation has a v ery strong effect on the observed fre- 
quency spectrum. Templeton et al. (2000) illustrated this 



nicely using model calculations on a number of mod- 
els representing the 5 Scuti star 8 Tucanae. Based on 
10 observed frequencies, they attempted to calculate the 
rotationally split frequencies assuming uniform rotation. 
They concluded that although one is able to match the 
observed frequencies when rotationally split frequencies 
are included in the models, one can actually find several 
solutions if the rotational velocity is kept free in the anal- 
ysis. 

It is important to note that rotation not only affects the 
frequencies, but also the basic stellar properties. This has 
been studie d for stars in the Praesepe cluster by M ichel 
et al. (1999), who were able to correct for the rotational 
effect on the measured temperature and luminosity. They 
created a complete seismic picture of all known S Scuti 
stars in the Praesepe star cluster, most of which were ob- 
served by the STEPHI network (e.g., Hernandez et al., 



1998). Although Michel et al. were able to correct for 



rotation and, to some extent, limit the number of free pa- 
rameters by a kind of differential seismology between os- 
cillating stars in the cluster, they could not reach a satis- 
factory fit between the models and the observed frequen- 
cies. 

It is well known in the field of S Scuti seismology that 
the stellar rotation is probably the main problem. Ro- 
tation affects the models (both the stellar evolution and 
via frequency perturbations), implying that we only cal- 
culate accurate theoretical frequencies if we are able to 
describe the internal (differential!) rotation of the star. 
As pointed out above, rotation also affects the stellar pa- 
rameters, so once again we can only calculate accurate 
values for temperature and luminosity if we know the ro- 
tation (and the shape) of the star. Without this knowledge, 
we have enough freedom to reach a reasonable fit to any 
combination of observed frequencies. However, even this 
freedom is not enough in most cases to reach a perfect fit, 
which may be one of the most interesting conclusions we 
can draw at present: the theoretical models do not de- 
scribe 6 Scuti stars accurately enough to fit the observed 
oscillation frequencies. 



4. SOLAR-LIKE OSCILLATIONS 



Observers have worked hard in the last decade on search- 
ing for solar-like oscillations in other stars. Reviews 
of th ose efforts have been given by Brown & Gilliland 



( 1 9 94), Kjeldsen & Bedding ( 1 995[ ), |Heasley et al. ( 1 996[ ) 
and Bedding & Kjeldsen (1998). The problems which 
limit the usefulness of d Scuti oscillation frequencies do 
not apply to the solar-like case. For one thing, most solar- 
type stars are slow rotators. Also, in the Sun we find that 
all possible modes within a broad frequency range are ex- 
cited. The frequencies form a fairly regular series which 
is well approximated by the so-called asymptotic relation. 
It is generally assumed that the same will apply to other 
solar-like oscillations, which means that mode identifica- 
tion will not be a problem. 

The single most important problem with solar-like os- 
cillations lies in their extremely small amplitudes. De- 
tection therefore requires extremely sophisticated tech- 
niques. Such techniques are now available via high- 
precision Doppler measurements, but a drawback is the 
difficulty are arranging multi-site observations that are 
crucial to obtaining a decent window function. 



4.1. Recent observational results 



We may define four different levels of detections in rela- 
tion to solar-like oscillations: 



1 . No detection. 

2. Detection of excess power. 

3. Detection of average frequency separations (Av and 
5vq2) by fitting to the asympotic relation. 

4. Detection of individual frequencies (including mode 
identifications, departures from the asympotic rela- 
tion, rotational splitting, etc.). 

Many unsuccessful attempts have been made during the 
last decade, all of which mu st be placed at the first level . 
Five years ago, a review by Kjeldsen & Bedding (1995) 



concluded there was little evidence for any published data 
to be placed at any level higher than the first. Such a con- 
clusion cannot be maintained today ! A number of observ- 
ing campaigns have now produced significant evidence 
for oscillations: 



?7 Boo Kjeldsen et al. (1995) detected excess power in 
this GO subgiant from measurements of Balmer- 
line equivalent widths. The excess was at the ex- 
pected level, and these authors were able to ex- 
tract frequency separations and individual frequen- 
cies which agreed well with theoretical models 



( |Christensen-Dalsgaard et al., 1995 ;_Guenther & 
Demarque, 1996). A more detaileddiscussion of 
theoretical models for rj Boo can be found by Di 
Mauro & Christensen-Dalsgaard (these Proceed- 
ings). We should note, however, that a search for ve- 
locity oscillations in this star by Brown et al. (1997) 
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Figure 1. Power spectrum of AAT velocity measurements of @ Hydri. There is a clear excess of power around 1 mHz 
which is a striking signature of solar-like oscillations (from Bedding et ai, 2000). 



failed to detect a signal, setting limit s at a level be- 
low that expected on the basis of the Kjeldsen et al. 
result. 

Procyon Velocity data for Procyon (F5 subgiant) have 
recently provided good evidence for oscillations 



(Barban et al., 1999; Vlartic et al., 1999) with a clear 



power excess around 1 mHz and peak mode ampli- 
tudes of about 0.5 ms _1 . The large frequency sep- 
aration (Ai/ = 56 /xHz) seems to agree with expec- 
tations, but the single-site window function compli- 
cates the interpretation. These results indicate tha t 
the power excess seen earlier by Brown et al. ( 1 99 1 ) 



— which implied similar peak amplitudes — may 
have been real, although the inferred Ai' of 71 ^Hz 
does not agree with the more recent result. 

( Herculis Martic et al. showed evidence at this confer- 
ence for p-mode power in this GO subgiant. A comb- 
response analysis apparently shows a large separa- 
tion of 43.1 pHz. Based on their echelle diagram, 
one may even extract a value for the small separa- 
tion of (5^02 = 3 /iHz. Again, the single-site window 
funciton is problematic. 

aCenA Kjeldsen et al. (1999) measured Balmer-line 
equivalent widths in a Cen A with two telescopes 
over six nights and set an upper limit on oscilla- 
tion amplitudes of only 1.4 times solar, with ten- 
tative evidence for p-mode structure. Photometry 
from the WIRE satellite by Schou and Buzasi (these 
Proceedings) appears to confirm oscillations at ap- 
proximately this level. 

(3 Hyi Bedding et al. (2000) have made what seems to be 
the best example of a detection of solar-like oscilla- 
tions in another star. Their power spectrum of the 
G2 subgiant (3 Hydri can be seen in Fig. [j]. The star 
was observed in velocity over five nights with the 
UCLES echelle spectrograph on the 3.9-m Anglo- 
Australian Telescope (AAT), using an iodine cell as 
the wavelength reference. The power excess is at 
the expected level and a fit to the asymptotic rela- 
tion results in a large separation of 56.2 /iHz. The 
oscillation frequencies seem to depart significantly 
from the asymptotic relation, but again there are big 
problems from the single-site window function. 

Given that oscillations are now being reliably detected, it 
seems clear to us that the usefulness of single-site obser- 



vations is severely limited. One may even say that further 
observations with single telescopes would be a waste of 
telescope time. The time has come to organise campaigns 
with two or more telescopes, and perhaps to think about 
a dedicated network. 



4.2. Amplitudes of solar-like oscillations 

Solar-like oscillations are excited by convection and the 
expected amplitudes have been estimated using theoreti- 
cal models. Based on models by Christensen-Dals gaard 
& Frandsen (1983), |Kjeldsen & Bedding (1995[ ) sug- 
gested that amplitudes in velocity should scale as L/M, 
where L and M are the stellar luminosity and mass 
in solar un its. More recent calculations by H oudek 
et al. (1999) confirm this scaling relation, at least for 
stars with near-sola r effective temperatures. Ho wever, it 
was pointed out by Kjeldsen & Bedding (1995) that the 
L/M relation predicted amplitudes for some F-type stars, 
namely Procyon and several members of the cluster M67, 
that were greater than observational upper limits. Despite 
this, the L /M relation has been quite widely adopted. 



In order to resolve the problem for the hotter stars, we 
suggest a revised scaling relation. Noting that L/M is 
equal to T 4 ff /<? (with all quantites in solar units), we pro- 
pose a modified relation in which velocity amplitudes 
scale as 1/g. Given the growing number of credible de- 
tections, we are now able to check these relations. Note 
that, although a single-site window function makes it dif- 
ficult to extract frequencies, the estimates of oscillation 
amplitudes are not so badly affected. 

Figure || shows the observed versus expected velocity 
amplitudes for the stars mentioned above, using both 
scaling relations. The upper limits in the figure are from 
photometric observations of stars in the open clus ter M67 
dGillilandetal., 1993| ; [Kjeldsen & Bedding, 1995| ). Those 
results, as well as observations in equivalent width (?y Boo 
and a Cen A), have been co nverted to velocity amplitude s 
using the relations given by Kjeldsen & Bedding (1995). 



For the G-type stars (rj Boo, a Cen A, (3 Hyi, £ Her) there 
is, of course, little difference between the two scaling 
relations. The agreement with observations is generally 
good. More data are clearly needed, but it is comforting 
to see that these stars do indeed appear to be oscillating 
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Figure 2. Observed amplitudes for solar-like oscilla- 
tions compared with predictions based on the L /M and 
1 / g scaling relations. All amplitudes are relative to solar. 
The upper limits are for stars in the cluster M67. The di- 
agonal line shows equally, with the dotted lines showing 
±25%. 
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Figure 3. Simulated power spectrum for a Cen A, as 
expected from the MONS space mission. 



reach duty cycles of 80-90%, which will result in very 
low side-lobes. As an example, we show in Fig. || a sim- 
ulated data set for a Cen A as observed by MONS. 



6. CONCLUSIONS 



at the expected levels. Turning to F-type stars, we see 
that the 1 / g relation gives a much better prediction for 
the amplitude of Procyon, and also relaxes the problem- 
atic upper limits for the stars in M67. Again, more data 
are needed, but in the mean time we suggest using 1/g 
rather than L/M to predict oscillations amplitudes. 



5. SPACE MISSIONS 



The recent progress in ground-based observations, as 
well as results from the 52 mm star tracker on the 



otherwise-failed WIRE satellite (Buzasi et al., 2000, and 
these Proceedings), illustrate the potential of upcoming 
space missions: 



MOST A Canadian project ( |Matthews et al., 2000| ). 

MONS A Danish-led project with contributions from 
Australia and other countries^Kjeldsen, Bedding, & 
Christensen-Dalsgaard, 2000). 

COROT A French/European project ( Baglin et al., 
1998). 

Eddington A proposed ESA Flexi-mission, which has 
been selected as a reserve mission. 



In this review we have described the current status of as- 
teroseismology for A, F and G subgiants and main se- 
quence stars. The main conclusions are as follows: 



• Asteroseismology is far from helioseismology in 
terms of techniques and results. 

• There are plenty of challenges for theoreticians, 
such as mixing, fluid motions, turbulent convection 
and deviations from spherical symmetry. The most 
important area to focus on is rotation. 

• Asteroseismology is observationally driven. 
Ground-based velocity observations are now 
achieving believable detections, and it is time 
for multi-site campaigns. A large ground-based 
network is very desirable. 

• A number of exciting space missions are in var- 
ious stages of planning and construction (MOST, 
COROT, MONS and Eddington). If these succeed, 
it seems likely that asteroseismology will enter a 
golden age. 



The future of asteroseismology is in space. One can per- 
form wide-band photometry with high accuracy because 
of the absence of scintillation (fluctuations in the stellar 
light caused by the Earth's atmosphere). Even a small 
space-based telescope will do much better than even the 
largest ground-based telescopes. The other major im- 
provement from moving to space is an excellent window 
function that is unaffected by weather. In space one can 
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